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In this paper we review recent computational insights into the oxidation of graphene, the reduction
of graphene oxide, and the molecular models and electronic structures of graphene oxide. First, we
will set the stage by giving a brief overview of recent exciting experimental progresses in chemistry
of graphite oxide and graphene oxide. Then, we will discuss computational efforts to understand
oxidation mechanisms of graphene. Next, we will examine computational efforts to elucidate the
molecular and electronic structures of graphene oxide. Further, we will interrogate the reduction
mechanisms of graphene oxide. In the end, we provide a perspective how the computational and
experimental efforts will converge on the chemistry of graphene oxide.
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(CCQG) is rather appealing: it is cheap and easily scalable
to a high-volume production. Particularly, this solution-
based approach is well-suited for chemical modification
and subsequent processing. Consequently, the reduction
of graphene oxide is widely used for device fabrications,
such as the preparation of graphene-based composites, thin
films, and paper-like materials.> No doubt the chemical
processes regarding graphene oxide is one of the most
active branches of the rapidly emerging subject—graphene
chemistry.

Figure 1 summarizes the chemical procedures for syn-
thesizing chemically converted graphene from graphite.
Three steps are mainly involved. The first is the oxidation
of graphite. In this process, oxygen-containing groups are
introduced on graphite surfaces and in between graphite
carbon layers, which converts hydrophobic graphite to
hydrophilic graphite oxide. The latter oxygen-containing
groups severely reduce the inter-layer stacking forces,
which makes carbon layers of graphite oxides loosely
packed and susceptible to exfoliation. The second step
is the exfoliation of graphite oxide, which gives single-
layered graphene oxide. The exfoliation is usually car-
ried out in aqueous solutions with the aid of sonication
in an ultrasonic bath. The last step is the chemical reduc-
tion of graphene oxide, which yields chemically converted
graphene. All chemically converted graphenes have resid-
ual oxygen-containing groups, so are not pure.

Recently, several reviews have been dedicated to the
progresses on the experiments of graphene, graphene
oxides and their applications and chemical conversions.>!!
Similar to other research fields, molecular modeling and
computation serve as an indispensable approach besides
experiments for graphene research. Here, we will review
theoretical studies on graphene chemistry. In particular,
we will focus on theoretical insights into the structures of

J. Comput. Theor. Nanosci. 8, 1-17, 2011

graphene oxides and the mechanisms of conversions illus-
trated in Figure 1.

2. EXPERIMENTAL PROGRESSES
2.1. Preparation of Graphite Oxide

Due to the high chemical stability of graphite, highly
oxidized graphite can only be realized in harsh reac-
tion conditions, which is usually accomplished in exper-
iments by using strong oxidizing mixtures consisting of
one or more concentrated acids and oxidizing materials.
The first synthesis of graphite oxide was by Brodie'? in
1859, who treated graphite repeatedly with the mixture of
potassium chlorate (KC10;) and nitric acid (HNO;). Other
two most commonly used approaches were described by
Staudenmaier in 1898" and Hummers-Offeman in 1958.'*
The Staudenmaier method treats graphite with concen-
trated sulfuric (H,SO,) and nitric acids with potassium
chlorate (KClO;), while the Hummers-Offeman method
treats graphite with concentrated sulfuric acid, sodium
nitrate (NaNO,) and potassium permanganate (KMnO,).
Among them, the Hummers-Offeman method,'* as well as
its variants,'> % has been widely used to prepare graphite
oxides as the precursors for the further syntheses of
graphene oxide and graphene because of its high oxidizing
efficiency. Through analyzing the step by step prepara-
tion of graphite oxide in nitric acid media, Mermoux and
Chabre!” proposed that the graphite oxide is formed via the
hydrolysis of an intermediary compound resulted from the
overoxidation of nitric-acid-intercalated graphite.

2.2. Properties of Graphite Oxide

Graphite oxide appears yellowish-brown in solid and is
strongly hydrophilic and hygroscopic; when dispersed in

3
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water, the resulting stable colloid has a dark brown color.™
Graphite oxide is nearly amorphous without a constant
C/O composition in nature; its stoichiometry varies with
the method of preparation, the pristine graphite, and the
particle size.!®!° Graphite oxide still possesses a two-
dimensional layered structure; however, unlike the pristine
graphite which is atomically ordered with an interlayer
distance of ~0.34 nm, the interlayer distance for graphite
oxide is much “thicker” due to the presence of oxygen-
containing groups: X-ray diffraction (XRD) experiments
have suggested that the distance varies with the amount
of absorbed water, with value ~0.62 nm for “dry” sam-
ples and 1.2 nm for hydrated samples.?’ Due to the strong
hydrophilicity and weak interlayer interaction, graphite
oxide can be facilely exfoliated to single-layered graphite
oxide, i.e., graphene oxide, via sonication.

Graphite oxide is thermally unstable. It starts to lose
mass upon heating to above 60-80 °C, presumably
due to leaving of absorbed water; the major mass loss
occurs at ~200 °C, presumably due to decompositions of
labile oxygen-containing functionalities that yield carbon
monoxide, carbon dioxide and water steam.’° Graphite
oxide has a weak oxidbillity and acidity. Using NaBH, and
hydroquinone as reducing agents, respectively, Bourlinos
et al.?' reduced graphite oxide back to graphite; these
authors also successfully modified the graphite oxide sur-
faces with series of primary aliphatic amines and amino
acid.

Due to the highly hydrophilic nature and weak inter-
layer interactions, graphite oxide readily forms stable col-
loidal suspensions of nanoplatelets with nanometer scale
thickness in water.”> Ruoff et al.?* found that under a mild
ultrasonic treatment, the suspended graphite-oxide sheets
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Fig. 1. Schematic illustration for the chemical processes from graphite to chemically converted graphene.

can completely exfoliate to form dispersion of single-
layered graphite oxide, namely graphene oxide, which
can remain stable for ~ a month at the concentration
of 1 mg/mL; atomic force microscopy (AFM) showed
that the exfoliated graphite oxides have a uniform thick-
ness of ~1 nm and a mean lateral dimension of 1 um.
However, the strong hydrophilicity prohibits the disper-
sion of graphite oxide in non-aqueous solvents. To exfo-
liate graphite oxide in organic solvents, Ruoff et al.?*
treated graphite oxide with organic isocyanates, and suc-
cessfully exfoliated the isocyanate-treated graphite oxide
into functionalized graphene oxide nanoplatelets which
can stably dispersed in polar aprotic solvents. Cai and
Song? found that under strong ultrasonic treatment, oxide
of expanded graphite can exfoliate in polar organic sol-
vent N,N-dimethylformamide (DMF) and form a stable
non-aqueous dispersion.

The colloidal dispersion of as-made individual graphene
oxide has been made into well-ordered macroscopic struc-
tures such as graphene oxide paper. Ruoff et al.?® demon-
strated that under a directional flow induced by vacuum
filtration, the colloidal graphene oxide can interlock in
a near-parallel manner, generating a paper-like material
that is remarkably stiff and much stronger than its nano-
tube counterpart (Fig. 2).

The extensive presence of oxygen-containing groups on
the lateral sides of graphene oxide greatly enhances it band
gap; as a result, graphene oxide is electrically insulating
and can not be directly used as a conductive material.
The existence of these groups also makes graphene oxide
thermally unstable, which undergoes pyrolysis at elevated
temperatures.?’

J. Comput. Theor. Nanosci. 8, 1-17, 2011
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Fig. 2. Digital camera images of graphene oxide paper. (a) ~1 mm-
thick (the Northwestern University logo is beneath the paper); (b) folded
~5 mm-thick semitransparent film; (c) folded ~25 mm-thick strip.
Reprinted with permission from [26], D. A. Dikin et al., Nature 448, 457
(2007). © (2007), Nature Publishing Group.

2.3. Methods to Chemically Convert Graphene
Oxide to Graphene

Various methods have been used to convert graphene
(graphite) oxide to graphene (graphite) by removing
the oxygen-containing groups and restoring the carbon
skeleton.?® 2127 In a graphene oxide dispersion (100 mg
graphene oxide + 100 mL water), Ruoff et al., added
hydrazine hydrate (1.00 mL, 32.1 mmol) and heated
the mixture in an oil bath at 100 °C under a water-
cool condenser for 24 h and found that the brown-
colored dispersion turns black and the reduced products
irreversibly aggregate and eventually precipitate.?’ They
carefully compared the solid-state magic angle spinning
(MAS) NMR spectra of the pristine graphene oxide and
the hydrazine-treated sample, and found that the peaks at
57, 68 and 188 ppm in graphene oxide '*C NMR spectrum,
which represent the '*C nuclei in the epoxide, hydroxyl
and carbonyl groups, respectively, are greatly reduced in
the spectrum of hydrazine-treated sample; moreover, the
peak at 130 ppm in graphene oxide spectrum, which
represents un-oxidized carbons, remains in the spectrum
of hydrazine-treated sample but with a broadening and
chemical shifting due to the variation of chemical envi-
ronment. The elemental analyses showed that the C/O
ratio (2.7) in the pristine graphene oxide is dramati-
cally increased (to 10.3) in the hydrazine treated sample.
All these measurements revealed that hydrazine partially
removed the oxygen-containing groups from graphene
oxide. The electrical conductivity measurements (for the
compressed-powers) showed that the conductivity of the
reduced graphene is about five orders of magnitude bet-
ter than that of pristine graphene oxide. However, the lat-
tice defects introduced in the graphene oxide can not be
repaired in this chemical reduction process.

Besides hydrazine,” '8 other reducing agents such as
hydroquinone,? NaBH,,?! and hydrogen?® % have also
been used to partially remove oxygen-containing groups
and increase the electric conductivity. Recently, Fan et al.*
demonstrated a green method for graphene preparation
without using the hazardous hydrazine: the reduction of
graphene oxide and the dispersion of the reduced graphene
can be realized in a strong alkaline condition.

J. Comput. Theor. Nanosci. 8, 1-17, 2011
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In addition to chemical reduction, electrochemical
reduction®3! and thermal treatment®>** have also proven
to be efficient for deoxygenation. Becerril et al.** com-
pared the electric conductivities of the graphene oxide
treated with thermally annealing (1100 °C) or hydrazine,
and found that thermally annealing gives rise to more effi-
cient deoxygenation. Recently, Yang et al.>® also compared
the graphene oxide films after hydrazine or heat treatment
and reached the similar conclusion that the heat treatment
(900 °C) in an ultra-high vacuum condition yields product
with larger C/O ratio (~1.41 vs. ~8.8).

3. OXIDATION MECHANISMS
OF GRAPHENE

3.1. Reaction of O, with the Armchair
Edge of Graphene

Using 1 as the model (Fig. 3(a)), Sendt and Haynes
thoroughly studied the chemical reactions of O, on the
dehydrogenated armchair-edge of graphene by means of
density functional theory (DFT) computations. Calcula-
tions at the B3LYP/6-31G(d) level of theory showed that
the C2-C3 (1) bong length (1.24 A) is equal to that of
the triple bond in benzyne. Therefore, the dehydrogena-
tion converts the edge to triple bonds (Fig. 3(a)), satis-
fying the octet rule. The reaction energy profile for O,
chemisorption on the C2-C3 (Fig. 3(b)) suggests that the
formation of quinone structure IV is thermodynamically
favorable, with a small energy barrier (18 kJ/mol) and
a large exothermicity (—578 kJ/mol). Structures II and
IIT exist on the transformation path, but both intermedi-
ates are unlikely to have a significant lifetime because
of the small reaction energy barriers of TS2 and TS3
(Fig. 3(b)). The reaction occurs mainly at triplet state from
I to II, whereas at singlet from III to IV. The surface
crossing from triplet to singlet occurs near the geome-
try of TS2, which the triplet and singlet species have the
same energy. Quinone structure IV is possible to undergo
two successive CO desorptions to give graphene diradi-
cal VI. As shown in Figure 3(c), the formation of the
five-membered ring ketone (V) from IV (i.e., the first CO
desorption) is 85 kJ/mol endothermic with an energy bar-
rier of 296 kJ/mol. However, the second CO desorption is
approximately 435 kJ/mol endothermic with a significant
high barrier and a negligible reverse barrier. Therefore, the
second CO desorption occurs only at high temperatures.
The ketone structure (V) can also be formed via a stepwise
CO desorption as shown in Figure 3(d).

For model 2 that has neighboring triple bonds
(Fig. 3(a)),’® the five-membered ring lactone (XI) formed
through oxygen migration of quinone (VIII) was found
to be the most stable structure identified on the potential
energy surface (Fig. 3(e)). All gasification channels from
VIII are endothermic with high reaction energy barriers.

5
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and B. S. Haynes, Proc. Combust. Inst. 30, 2141 (2004). © (2004), Elsevier (including Academic Press).

The authors also studied the chemisorption of O, across
two neighboring triple bonds, ie., C3 and C6 of 2
(Fig. 3(a)).”” Diketene structures in addition to lactone
were found as the stable chemisorption species. However,
further gasifications from these stable species are kineti-
cally unfavorable, similar to the case of O, chemisorption
on the same triple bond of 1 or 2 (Fig. 3(a)).

6

3.2. Unified O, Gasification Model of
Graphene Flakes

Zhu et al.*®® proposed oxidation-gasification model for
nanographene with bare zigzag edges (Fig. 4). Owning to
the large exothermicity for O, chemisorption on the bare
edges (Fig. 4(a)), nearly all the edge sites can chemisorb
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0]

Fig. 4. Models for the reaction of O, with zigzag-edged graphene. Reprinted with permission from [36, 38], Z. H. Zhu et al., Energy Fuels 16, 1359
(2002). K. Sendt and B. S. Haynes, Proc. Combust. Inst. 30, 2141 (2004). © (2004), American Chemical Society.

O atoms (B). The o-quinone C—C bonds of B are cal-
culated to have lower bond strengths, and thus provide
rational starting points for gasification. The CO desorption
occurring on B reduces the carbon surface and results in
new active sites on C. Therefore, more O atoms will be
captured to form new o-quinone units in D. As the reaction

3CO desorption
Tca.3l6 kJ/mol

o o O o

proceeds from D to E to F to G to H to I, the graphene
flake shrinks until it is completely consumed.

The above o-quinone-oriented O,-gasification model for
graphene flakes is applicable in conditions where the
O, partial pressures (Py,) are medium. Figure 5 shows
the unified model for graphene flakes at different P,.

4CO desorption
Tca.213 kJ/mol

6CO desorption

A:.zls kJ/mol

H
H
H H H H
(B)
very low Pg,
H
H H

()

Fig. 5. The unified O, gasification mechanism proposed by Zhu et al. Reprinted with permission from [36, 38], Z. H. Zhu et al., Energy Fuels
16, 1359 (2002). K. Sendt and B. S. Haynes, Proc. Combust. Inst. 30, 2141 (2004). © (2004), American Chemical Society.
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At a low Pg,, o-quinone units, which are more subject
to CO desorption, will not form. Instead, O, dissocia-
tively chemisorbs on A, giving B with semiquinone units
(Fig. 5). The release of CO from these semiquinone struc-
tures requires more energy than that from o-quinone due
to the larger bond energy of semiquinone (316 kJ/mol).
At medium P, the reaction proceeds via the mechanism
of Figure 4, forming o-quinone units as gasification cen-
ters. If the Py, is further increased, the formation of epoxy
groups on the basal plane of graphene flake will occur,
which add more active sites and accelerate the gasification
process.

3.3. Reaction of O, with Vacancy Defect of
Graphene Flakes

CO is the main products in the above gasification mod-
els concerning the reactions of O, with graphene edges.
However, it is CO, rather than CO that was experimen-
tally observed for complete combustion under atmospheric
oxygen pressure. To explain this, Carlsson et al.*° pro-
posed a two-step oxidation mechanism, which starts from
the vacancy defects in graphene basal plane (Fig. 6).
As reported by others,***! the dissociative adsorption of
O, on the basal plane of defect-free graphene results in
epoxy groups. This process is highly endothermic and ther-
modynamically disfavored (see route G of Fig. 6(a)), in
agreement with the experimentally observed inertness of
graphene basal plane towards O, at low temperatures.*?
However, if vacancies exist on graphene, these defect
sites provide very reactive sites for oxidation. Route I of
Figure 6(a) illustrates the reaction energy profile for O,
with a four-atom carbon vacancy (V4) of graphene. To

Gao et al.

minimize the dangling bonds, V4 rearranges to form three
pentagons as the metastable structure.*® This structure
strongly reacts with molecular O, to form ether (C—O—C)
or carbonyl groups, releasing a large amount of heats. The
addition of oxygen can proceed until complete saturation.

The first step of the Carlsson mechanism*® is the reac-
tion of O, with the bare vacancies of graphene, the
oxygen-saturated sites are less reactive than bare vacan-
cies but still more reactive than defect-free graphene. The
second step of this mechanism (Fig. 6(b)) is that addi-
tional oxygens attach these oxygen-saturated structures
above the critical temperature. These reactions are also
exothermic and form oxygen-rich structures like lactone
(C—0—C=0) and the anhydride (O=C—-0O-C=0).
The lactone either releases CO, or forms anhydride by a
further O, adsorption, whereas anhydride rapidly decom-
poses to CO,. The CO, desorption creates new sites for O,
dissociative addition, driving the etching reaction further.

3.4. The Cooperative Oxidation
Mechanism of Graphene

Figure 7 shows the optical microscope image of partially
oxidized highly oriented pyrolytic graphite (HOPG). The
most oxidized region, represented by bright area, suggests
the formation of line defects during the oxidation process.
The crack down of graphene, directly related to the oxida-
tion, was also observed. To rationalize the observed fault
lines and cracks of graphene oxide, Li et al. proposed the
cooperative oxidation mechanism,* which was illustrated
on a finite graphene model—coronene molecule (Fig. 8).
The addition of a single O atom to coronene forms an
epoxy group (Fig. 8(a)) with an exothermicity of ~2.4 eV,
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Fig. 6. Calculated reaction energy profiles for O, and graphene. (a) The adsorption energy for dissociative O, adsorption on the defect-free graphene
(route G) and at a bare four-atom (V4) vacancy (Route I). (b) The adsorption energy for dissociative O, adsorption at an oxygen-saturated V4:30
vacancy (Route II). Reprinted with permission from [39], J. M. Carlsson et al., Phys. Rev. Lett. 102, 166104 (2009). © (2009), American Physical

Society.

8

J. Comput. Theor. Nanosci. 8, 1-17, 2011



Gao et al.

Fig. 7. An optical microscope image of partially oxidized highly ori-
ented pyrolytic graphite. Reprinted with permission from [44], J.-L. Li
et al., Phys. Rev. Lett. 96, 176101 (2006). © (2006), American Physical
Society.

simultaneously, the epoxy C—C bond is stretched from
1.42 A (the pristine carbon lattice) to 1.58 A. The addition
of the second O atom takes place more preferably at the
opposite site of the epoxy group (Fig. 8(b)). Importantly,
such a cooperative unzipping pattern increases the forma-
tion energy of the second epoxy ground addition due to the
confirmation changes, and the C—C bonds of both epoxy
units become open. The authors found that this unzipping
configuration (Fig. 8(b)) is thermodynamically more favor-
able than any other configurations by ~1.2 eV. Similar pref-
erence of this unzipping configuration was also found for
the reaction of O with larger model of graphene flake and
the sidewall of single-walled carbon nanotubes. The unzip-
ping process can proceed continuously by further cooper-
ative formation of open epoxy groups (Figs. 8(c and d)).
Given that open epoxy structure is significantly weaker than

Fig. 8. Coronene molecules attached with (a) one, (b) two, (c) three
and (d) four epoxy groups, respectively. Reprinted with permission from
[44], J-L. Li et al., Phys. Rev. Lert. 96, 176101 (2006). © (2006),
American Physical Society.
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closed-ring structures, the cooperative oxidation mecha-
nism not only explains the observed of line faults and
cracks of graphene oxide but also gives insight into chem-
ical cutting of carbon nanotubes via oxidation reactions.

3.5. Oxidative Cutting of Graphene

It was found that the mechanical strength of graphene is
not critically affected by introducing epoxy frauds (thus
forming linear frauds of ethers) during oxidation, but only
weakened by ~16%.* The probable reason is that the
graphene sheets still remain linked by the oxygen atoms
after the rupture of the C—C bonds. Thus the coopera-
tive mechanism for the formation of linear frauds can not
eventually account for the break up of graphene oxides. To
better rationalize how graphene is cut during oxidation, Li
et al. theoretically examined the subsequent oxidation pro-
cess of graphene oxide after the formation of linear ethers
(Fig. 9(a)), and also proposed a new “tear-from-the-edge”
mechanism.*®

Through DFT computations, Li et al. found that the for-
mation of epoxy-pair structure on graphene basal plane can
further activate the carbons where the ethers are attached.
For example, the epoxy-pair structure of Figure 9(b) was
calculated to be 2.71 eV lower in energy than the struc-
ture with the second epoxy group added far from the
epoxy chain. Moreover, the formation of an epoxy pair
neighboring an already existing epoxy pair was calculated
to be 0.78 eV more favorable than that forming an iso-
lated epoxy group, which suggests that creating new epoxy
pair is still energetically favored even with the existing
epoxy pairs. For a short epoxy chain, the formation of
an epoxy pair by adding a new O to an existing epoxy
was comparable in energy (within 0.1 eV) to the extension
of the ether chain by adding a new O on fresh carbon—
carbon bond neighboring existing ether. Further compu-
tations revealed that a carbonyl pair has an even lower
energy than an epoxy pair by 0.48 eV and that an epoxy
pair can transform to a carbonyl pair with an activation
energy of 0.76 eV. A neighboring epoxy pair can further

Fig. 9. Oxygen chains on graphene. (a) A graphene sheet with an epoxy
chain. (b) An epoxy pair or (c) a carbonyl pair is formed in the epoxy
chain. Reprinted with permission from [46], Z. Li et al., J. Am. Chem.
Soc. 131, 6320 (2009). © (2009), American Chemical Society.
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(a)

Fig. 10. Tearing graphene from the edge. (a) Geometric model to
describe a graphene edge. Atoms in the square area were frozen during
geometry relaxation. (b) A carbonyl pair at the edge. (c) Another car-
bonyl pair formed one step inward. Reprinted with permission from [46],
Z. Li et al., J. Am. Chem. Soc. 131, 6320 (2009). © (2009), American
Chemical Society.

lower this activation energy to 0.45 eV, which reflects a
substantial reaction rate for the transition from epoxy pair
to carbonyl pair. The simultaneous transformation from
two neighboring epoxy pairs to carbonyl pairs has a rel-
atively high activation barrier (1.07 eV). However, after
completing the first transition, the conversion of the sec-
ond epoxy to carbonyl encounters only a small barrier of
0.26 eV. Therefore, combining the cooperative formation
of linear ethers by Li et al.** and the subsequent formation
of epoxy pairs and carbonyl pairs by Li et al.,* we have
a more thorough, atomistic-scaled insight into the fracture
of graphene caused by oxidation.

The possibility of directly forming carbonyl pairs by
breaking the C—C bonds at graphene edges inspired Li
et al. to examine the feasibility of a new oxidation-cutting
progress, namely “tear-from-the-edge” progress,*® by DFT
computations. In the slab model of Figure 10(a), the left-
most carbons were saturated by hydrogens and were frozen
during the calculations, whereas the remaining carbons
were allowed to be relaxed. The rightmost carbons were
saturated by hydroxyl groups. It was found that the forma-
tion of carbonyl pair at positions A6 and A7 (Fig. 10(b)) is
more favorable in energy (1.08) than that at positions B7
and BS. However, the formation of another carbonyl pair
one step inward (Fig. 10(c)) is energetically less favorable
than carbonyl pairs formed at new edge carbons. There-
fore, the “tear-from-the-edge” progress was unlikely to
proceed and fully cut the graphene sheet. The failure of the
“tear-from-the-edge” mechanism in turn indicates epoxy
pairs to be the critical intermediate species responsible for
the experimentally observed oxidation-cutting phenomena.

4. EFFORTS IN ELUCIDATING THE
STRUCTURES OF GRAPHENE OXIDE
4.1. Structural Models for Graphene Oxide

Extensive attempts have been made to determine the
structure of graphite oxide. However, due to its
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Fig. 11. Graphene oxide model proposed by Lerf, et al. Reprinted with
permission from [6], D. R. Dreyer et al., Chem. Soc. Rev. 39, 228 (2010).
© (2010), Royal Society of Chemistry.

non-stoichiometric and nearly amorphous nature, the pre-
cise structure of graphite oxide is still ambiguous. So
far, it is generally accepted that four oxygen-containing
groups are present in graphite oxide, and connected by
sp*-carbon atoms: epoxy and hydroxyl groups on the
basal planes, as well as carbonyl and carboxyl groups on
the peripheries. This picture was supported by the very
important experiment recently made by Cai et al.*’ Using
13C-enriched graphite oxide prepared by the Hummers-
Offeman method,'* the authors confirmed the presence of
the four oxygen-containing groups and for the first time
proved their connectivity in graphite oxide, by measuring
the high-resolution solid-state *CNMR spectra with magic
angle spinning.

Before Cai et al.’s experiment, six structural models for
graphite oxide had been proposed by Hoffmann,*® Ruess,*
Scholz et al.,”® Nakajima et al.,’">> Lerf et al.*** and
Szabé et al.'"® Among them, only the Lerf’s (Fig. 11)
and Szabd’s models (Fig. 12) meet the requirement of
above mentioned experimental results. Recently, Casabi-
anca et al.>® computationally studied the *C solid-state
NMR for diverse graphene-oxide model clusters and found
that only the model by Lerf et al. can best reproduce the
experimentally measured NMR.

4.2. The Stability of Graphene Oxide with
Respect to Oxygen Coverage

Boukhvalov and Katsnelson> theoretically investigated the
structures of graphene oxide with various coverages by
epoxy and hydroxyl groups, as well as their ratio with
respect to thermodynamic stability. The chemisorption of

J. Comput. Theor. Nanosci. 8, 1-17, 2011
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Fig. 12. Graphene oxide model proposed by Szabd, et al. Reprinted with permission from [6], D. R. Dreyer et al., Chem. Soc. Rev. 39, 228 (2010).

© (2010), Royal Society of Chemistry.

two oxygen atoms or two hydroxyl groups on the eight-
carbon-atom supercell corresponds to oxygen coverage of
25%.

The addition of oxygen atom and the formation of
epoxy group lead to the distortion of graphene skeleton, so
the subsequent epoxidation occurs more preferably at the
opposite side of the graphene sheet. This can be clearly
seen from the thermodynamically most favorable config-
uration of the supercell covered by four epoxy groups
(Fig. 13(a)). The chemisorption energy keeps going more
negative with increasing the epoxy coverage, suggesting
that all graphene carbon—carbon bonds are subject to epox-
idation thermodynamically.

The addition of hydroxyl groups to the supercell results
in an even stronger distortion, partially because of the
interaction between the hydroxyl groups. In contrast to
the case of epoxidation, the hydroxylation energy reaches
its minimum when the hydroxyl coverage is 75% (six
among the eight carbons are attached with hydroxyls).
Figure 13(b) shows the most stable configuration for super-
cell of graphene with six hydroxyl groups.

Generally both epoxy and hydroxyl groups exist in
graphene oxide. Figure 14 shows the typical combina-
tion of both groups in the Cg supercell of graphene. For
all these combinations, the calculations suggested that the
chemisorption energy per hydroxyl was 60 meV more
favorable than that of the pure hydroxyl product with
the same coverage, and that the chemisorption energy per
epoxy was 30 meV more favorable than that of pure epoxy
product with the same coverage. This indicates the thermal
preference of the coexistence of both oxygen-containing
groups in graphene oxides at coverages between 25%
and 75%. However, the chemisorption energy of hydroxyl
turns out to be more favorable than that of epoxy when

J. Comput. Theor. Nanosci. 8, 1-17, 2011

the coverage is less than 25%. Therefore, it was pre-
dicted that graphene oxide with 25% oxygen coverage con-
tains mostly hydroxyl groups, whereas epoxy exists only
at the edges. Figures 14(a, e, ¢ and h) show the opti-
mal configurations for graphene oxides with total oxygen
(epoxy + hydroxyl) coverages of 25%, 50% and 100%,
respectively.
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Fig. 13. The most stable configurations of graphene oxides. (a) Cg unit
with only epoxy groups. (b) Cg unit with only hydroxyl groups. (c) Cy
unit with both epoxy and hydroxyl groups. Reprinted with permission
from [54], D. W. Boukhvalov and M. I. Katsnelson, J. Am. Chem. Soc.
130, 10697 (2008). © (2008), American Chemical Society.
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Fig. 14. Graphene oxides. (a-j) Cg; unit attached with both epoxy
and hydroxyl groups. Reprinted with permission from [54], D. W.
Boukhvalov and M. L. Katsnelson, J. Am. Chem. Soc. 130, 10697 (2008).
© (2008), American Chemical Society.

4.3. Stable Periodic Configuration of Graphene Oxide

Yan et al.>® searched the stable configuration of graphene
oxide using periodic boundary conditions with larger super-
cells: 5 x 5 unit cell consisting of 50 carbon atoms. It
was found that the energies are lowered considerably when
epoxy and hydroxyl groups are grouped together, which is
consistent with the results of Boukhvalov et al.>* Signifi-
cant energy gains were also found for hydroxyls when they
form 1,2-hydroxyl pairs on the opposite site of graphene
sheet or form hydrogen bonds with neighboring oxygen
atoms.

The stable compositions for fully oxidized graphene
oxides, in which all carbon atoms are bonded to epoxy
or hydroxyl, have the formulas of C,0,(OH),, C,O(OH),
and C,O(OH),, with an epoxy to hydroxyl ratio of 1:1,
1:2 and 1:4, respectively. The representative C;O,(OH),
structure (Fig. 15(a)) illustrates the following key features:
the 1,2-hydroxyl pairs form chain-like structures to maxi-
mize the formation of hydrogen bonds; epoxy oxygens are
distributed on the proximate carbons in the same hexago-
nal rings of the hydroxyl pairs. The fully-oxidized epoxy-
only configuration of graphene oxide has epoxy rows on
both sides of the basal plane (Fig. 15(b)). After exploring
various atomic configurations, Yan et al. concluded that
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Fig. 15. Structures for graphene oxides. (a) Fully-oxidized phase of
C40,(OH),. (b) Fully-oxidized epoxy-only phase C,0 with epoxy rows
on both sides of the basal plane. (c) C,,0,(OH); structure with hydroxyl-
epoxy strips separated by sp? carbons. The dashed rectangles indicate the
respective unit cells. The dashed lines indicate the hydrogen bonds in the
hydroxyl chains above the basal plane. Reprinted with permission from
[55], J.-A. Yan et al., Phys. Rev. Lett. 103, 086802 (2009). © (2009),
American Physical Society.

the most stable periodic structure for partially oxidized
graphene as the strips of epoxy-hydroxyl combinations
with unoxidized graphene ribbons in between, as exempli-
fied by the structure of C,,0,(OH)y in Figure 15(c).

5. ELECTRONIC STRUCTURE OF
GRAPHENE OXIDE

5.1. Oxidation Induced Band-Gap Opening of
Graphene

Boukhvalov et al.>* and Yan et al.> independently studied
the variation of energy gaps of graphene oxides with C:O

J. Comput. Theor. Nanosci. 8, 1-17, 2011
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ratios. According to Boukhvalov et al.’s results based on a
C; unit cell (Fig. 16), the energy gap reduces when the oxi-
dation coverage decreases from “4(OH)+ O” to “2(OH) +
0O;” when the coverage is further reduced to “2(OH),” the
graphene oxide becomes conducting. While Yan et al. sug-
gested that the band gap of graphene oxide depends not
only on oxygen coverage but also the arranging pattern of
oxygen groups (Fig. 17).%

5.2. Consequence of Spin Upon Linear Oxidation of
Nanographene

Using molecules 3, 4 and 5 as models, Gao et al.’® theo-
retically studied the structures and spins of nanographenes
unzipped by linear formation of epoxy groups. These
molecules are known as “all-benzenoid” and are highly
stable because all their carbons can be put in isolated sex-
tets (i.e., circle as shown in Fig. 18), according to Clar’s
sextet rule.

The linear oxidation of 3 along the dash line leads to
five products (i.e., 3a—e), which have different spins at
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Fig. 16. Calculated electronic density of states for the most stable con-
figurations at various degrees of coverage. Reprinted with permission

from [54], D. W. Boukhvalov and M. 1. Katsnelson, J. Am. Chem. Soc.
130, 10697 (2008). © (2008), American Chemical Society.
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Fig. 17. Calculated energy gaps with respect to the overall oxygen-to-
carbon ratio for different phases of graphene oxides. Reprinted with per-
mission from [55], J.-A. Yan et al., Phys. Rev. Lett. 103, 086802 (2009).
© (2009), American Physical Society.

ground states. Among them, the triplet 3d has the lowest
energy. The linear oxidations of 4 and 5 lead to the quintet
4c and triplet Sb as the lowest-energy isomers, respec-
tively.

Several general conclusions can be drawn.
(1) When an all-benzenoid nanographene is linearly
unzipped into oxygen-joined fragments, the oxidized ben-
zenoid rings (aromatic sextets) selectively adopt the low-
spin (AS = 0) or high-spin conformation (AS = 1) to yield
the thermally most stable isomer. The selection of the con-
formation depends simply on the position of the aromatic
sextets: the inner ones prefer the high-spin conformation,
whereas the peripheral ones prefer the low-spin confor-
mation. Therefore, the resulting most stable isomer has a
total spin whose value equals the number of inner aromatic
sextets (n;) along the oxidizing line. The nanographene
fragments contained in this isomer have a ferromagnetic
spin coupling.
(2) Due to the tautomerization between the high-spin and
low-spin conformations, there also exist other possible iso-
mers with higher energies and with spins at ground state
ranging from O to (n; —1). For example, in Figure 19,
linear oxidations along al-a2, bl-b2, and cl—c2 will
lead to ground-state oxides with S =2, 1, and 2, respec-
tively, and these oxides will isomerize to give at least
(n; — 1) higher-energy isomers with S =0 through (n;, — 1),
respectively.

6. REDUCTION MECHANISM OF
GRAPHENE OXIDE

As summarized above, it is well accepted that four oxygen-
containing groups exist in graphene oxide—epoxide,
hydroxyl, carbonyl and carboxyl, and the later two are
mainly located at graphene edges. Accordingly, Gao
et al.’’ classified the oxygen functionalities into six cat-
egories: A, A’, B, B’, C and D (for the definitions, see
Fig. 20).
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Fig. 18. All-benzenoid nanographenes and the oxides. Spin multiplicities are given; relative energies (E,,, regular print), ZPE-corrected E,, (italic
print) and relative Gibb’s free energies at 298.15 K (G,,,, bold print) at the (U)B3LYP/6-31G(d) level of theory are given in parentheses. The unit for
energies is kcal/mol. The dashed lines (oxidizing lines) of nanographenes show the directions along which they are oxidized. Reprinted with permission
from [56], X. Gao et al., J. Am. Chem. Soc. 131, 9663 (2009). © (2009), American Physical Society.

Using the DFT method (M05-2X/6-31G(d)) and series 2 and 3—were identified for reducing epoxide groups
of cluster models, Gao et al. investigated reaction mech- of graphene oxide using hydrazine as a reducing agent
anisms for reducing these functionalities by hydrazine or (Fig. 21). Their computations showed that Routes 2 and 3
heat treatment.”’ Three reaction mechanisms—Routes 1, are dominant mechanisms when the epoxides are attached

14 J. Comput. Theor. Nanosci. 8, 1-17, 2011
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Fig. 19. Oxidation-unzipping of nanographene along dashed lines a/—
a2, bl-a2 and cl-c2. Reprinted with permission from [56], X. Gao
et al., J. Am. Chem. Soc. 131, 9663 (2009). © (2009), American Physical
Society.

to the aromatic domain, while Route I is the exclusive
mechanism when the epoxides protrude from graphene
oxide. No reaction path was determined for reductions of
hydroxyl, carbonyl, or carboxyl groups of graphene oxide
using hydrazine as a reducing agent. The hydroxyl and car-
boxyl groups from graphene oxide can be eliminated by a
high-temperature thermal annealing, which follow Routes
5 and 7, respectively. Kim et al.’®® independently studied
hydrazine deepoxidation of graphene oxide, and obtained
similar deepoxidation mechanisms.

When the epoxide groups are attached to the interior
of an aromatic domain of graphene oxide, the hydrazine
reductions are thermodynamically spontaneous with Gibbs
free-energy barriers <48.3 kcal/mol at room temperature;
in contrast, when an epoxide is located at the edges of an
aromatic domain, the hydrazine reduction of an epoxide is
blocked by the formation of a hydrazino alcohol via the
first step in Route 2.

In comparison with the corresponding de-epoxidation
products, the hydrazino alcohols are thermodynamically

oxidized
domain

aromatic domain: surface area of sp?-carbons
oxidized domain: surface area of sp3-carbons, vacancies, etc.

Fig. 20. Schematic illustration of oxygen-containing groups in GO: A,
epoxide located at the interior of an aromatic domain of GO; A’, epoxide
located at the edge of an aromatic domain; B, hydroxyl located at the
interior of an aromatic domain; B’, hydroxyl at the edge of an aromatic
domain; C, carboxyl at the edge of an aromatic domain; and D, carboxyl
at the edge of an aromatic domain.
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more stable at room temperature. The thermal reductions
of hydroxyls attached to the interior of an aromatic domain
are also easier than those at the edges of the aromatic
domain, similar to the case for de-exoxide reaction.

The Gibbs free-energy barrier of the hydrazine de-
eposidations increases with increasing reaction tem-
perature; thus higher temperature does not facilitate
hydrazine de-epoxidation. However, an increased temper-
ature is advantageous for the thermal de-hydroxylation of
graphene oxide. These results infer that hydroxyl groups,
including those at the edges of aromatic domains, can
be eliminated from graphene oxide at temperatures higher
than approximately 700 °C.

By analyzing the composition of residual oxygen-groups
in chemically converted graphene, Gao et al. proposed new
reaction procedures that may achieve an improved reduc-
tion efficiency (Fig. 22):% (i) treating GO with PPh,/MOT
at 55 °C in toluene to remove the epoxy groups and (ii)
thermal annealing at temperatures >700 °C to eliminate
the hydroxyls and carboxyls.

7. PERSPECTIVES

Graphite oxide, graphene oxide and chemically converted
graphene are amorphous materials, which contain mis-
cellaneous chemical groups and substructures. To a large
extent, their chemical components and accurate struc-
tures still remain unclear. Therefore, the macroscopically
observed chemistry of these materials is actually an over-
lap of diverse chemical processes. On the other hand,
high-level applications of these materials require accu-
rately addressing the structures and the associated physical
and chemical properties. Persistent efforts in both experi-
ment and theory towards the solutions are thus desired.

Chemical reactions, which have demonstrated their
power in the high-yield and cheap synthesis of graphene
from graphite, provide a valuable approach to engineer
the structures and properties of graphenic materials. For
this goal, a precise understanding of the mechanisms of
the reactions occurring on graphite, graphene and their
derivatives is essential. However, little progress has been
achieved answering the mechanistic problems of graphene-
related reactions. Many questions remain uncertain in this
area. An intensive effort to study the reaction mechanisms,
improve the reaction efficiency and design new purpose-
oriented reactions is challenging but highly rewarding.

Though with many unsolved problems and challenges,
these graphene-related materials are bringing us a new
material revolution, and we can foreseen large-scale appli-
cations in the next decade or even sooner. Theoretical
insights provided by the modern computational materials
sciences combined with the continuous efforts from the
experimental peers surely will help solve many perplexing
problems in front of us, and further facilitate the process
for us to fully achieve the potentials of these amazing
materials.
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Fig. 21. Reduction mechanisms for graphene oxides. Routes 1-3 and 2’ represent the mechanisms for the hydrazine de-epoxidation of graphene oxide.
Routes 4 and 5 refer to the mechanism for the thermal de-hydroxylation of graphene oxide. Routes 6 and 7 respectively show the mechanisms for
thermal de-carbonylation and thermal de-carboxylation of graphene oxide. Reprinted with permission from [57], X. Gao et al., J. Phys. Chem. C 114,
832 (2010). © (2010), American Physical Society.
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Fig. 22. A two-step chemical reduction proposed for the synthesis of chemically converted graphene from graphene oxide. Reprinted Figure 10 with
permission from [57], X. Gao et al., J. Phys. Chem. C 114, 832 (2010). © (2010), American Physical Society.
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